The properties of the leucine transport systems of cells isolated from dark-grown cold-hardened and nonhardened winter rye (Secalk cerealk L. cv. Puma) epicotyls were remarkably similar. After 1 hour of incubation, leucine was accumulated in the cells 80-to 100-fold above that of the external medium, but the transported leucine was not metabolized. Approximately one-third of the accumulated leucine was present in the vacuole after 40 minutes of incubation. At 25°C, efflux of leucine from the vacuole was 6 to 10 times slower than it was from the cytoplam, while at 5°C efflux from the cells was inhibited.
The plasma membrane has been shown to be a primary site of freezing injury in plants. Plasma membrane damage after lethal freezing of winter rye protoplasts has been observed by light microscopy (18) , and disruption ofthe plasmalemma during lethal freezing of rye and wheat cells has been observed by electron microscopy (15, 17) . Furthermore, it has been suggested that intrinsic plasma membrane proteins of plant cells are affected by sublethal freezing (11) .
Plant cell membranes undergo a number ofbiochemical changes upon cold hardening (4) . Studies on the exact nature of the changes that occur in the plasmalemma membranes of hardened plants which enable these cells to develop freezing tolerance have been limited by difficulties in the isolation and purification of pure plasma membranes. The question may be asked, however, as to whether there are observable functional differences in the properties of the plasma membranes of hardened and nonhardened plant cells. Furthermore, it is of interest to determine whether the low-growth temperatures required for cold hardening may enable metabolic enzymes to adapt to function more efficiently at lower temperatures. The transport of metabolites is useful parameter for assessing such differences.
Recently, it was shown that the survival of mesophyll cells (isolated from cold-hardened and nonhardened winter rye) to extracellular freezing correlated with the degree of hardiness of the tissues from which they were isolated (16) . Thus, these cells may be well suited for studies on the mechanism of freezing tolerance. In this report, we examine and compare the leucine transport system of cells isolated from cold-hardened and nonhardened winter rye.
MATERIALS AND METHODS
Growth of Seedlings. Nonhardened, dark-grown seedlings were obtained by germinating seeds of Secale cereale L. cv. Puma on moist filter paper at 17.5°C for 1 week. Cold-hardened, darkgrown seedlings were obtained by germinating seeds for 2 d at 25°C, followed by 5 weeks at 2°C (16) .
Isolation of Cells. The top 2 to 3 cm of the epicotyls were harvested (0.7 g fresh weight) and cut with a razor blade into 0.1-to 1-mm slices. The cells were released by a combination of enzymic and physical maceration, as described previously (16) .
Just prior to dialysis, Percoll was added to the cell suspension (3 ml Percoll per 10 ml cell suspension), and the mixture was centrifuged for 5 min at 740g in a clinical centrifuge fitted with a horizontal rotor. Nonviable cells floated to the top and were removed. The pellet containing viable cells and cell-wall debris was washed several times by centrifugation in the isolation medium (minus dextran sulfate) at 500g. Cell-wall debris were removed by gentle aspiration following the washes, since it layered above the viable cell pellet after each centrifugation. The pellet containing the live cells was resuspended in half-strength B5 medium (0. , and the latter were shaken at 25°C. After 5 min of incubation, 0.3-ml aliquots of the reaction mixture were pipetted onto a Millipore filter (25-mm diameter, 0.45-,um pore size), and the cells were washed with 5 ml of 0.5 B5. The air-dried filters were placed in scintillation vials, and the radioactivity was monitored in Aquasol (New England Nuclear), as described previously (1) . Uptake of leucine is expressed as nmol leucine transported per min per 106 cells.
Time-course assays were performed in 50-ml Erlenmeyer flasks containing 8 ml reaction mixture, and 0.2-ml aliquots were assayed at regular intervals. All glassware was treated with Sigmacote (Sigma Chemical Co.) to minimize cell adhesion to the glass. potassium phosphate (pH 6-8) buffers.
Incorporation of Label into the Soluble Pool. Aliquots of the cell-containing reaction mixture were pipetted into 5 ml of 5% TCA. After a minimum 10-min incubation period, the mixture was centrifuged at 10OOg for 10 min, and the pellet was washed with 5 ml 5% TCA. The supernatants were pooled, and the extracted label was estimated by monitoring aliquots of these solutions by liquid scintillation counting.
Fate of Accumulated Leucine. Boiled water extracts of cells that accumulated leucine were freeze-dried, and the residues resuspended in a minimal volume of the developing solvent. Aliquots were spotted on Whatman No. 1 paper together with amino acid standards, and the chromatogram was developed by the descending methods in l-butanol:acetic acid:water (60:15:25, by volume). The chromatograms were cut into 0.5-cm strips, which were placed in scintillation vials and monitored for radioactivity.
Arrhenius Plots. Initial-rate assays were performed as described above, except that the reaction mixture was placed in a waterjacketed tube (5 x 1.5 cm) and magnetically stirred. Temperature regulation was provided by a refrigerated water bath to within +0.1°C of the indicated temperature.
Efflux of Accumulated Leucine. Leucine was accumulated for 35 min at 25°C, as described above, for time-course uptake studies, and 4 ml of the reaction mixture were immediately centrifuged for 2 min at 350g. The cell pellet was washed with 4 ml 0.5 B5 and resuspended in 4 ml 0.5 B5. Two ml of this cell suspension were separately incubated in 25-ml Erlenmeyer flasks at 25°C and 5°C (with shaking), respectively, and aliquots (0.2 ml) were assayed at regular intervals.
Determination (10) . One-million cells occupied an inulin-free space of 3.5-,ul. Since the average size of hardened and nonhardened cells were observed to be similar, the above figure for the inulin-free space was applied to both types of cells.
RESULTS
The transport assay was carried out in 0.5 B5, since the rate of leucine uptake was twice that obtained in the presence of fullstrength B5. Uptake of leucine was proportional to the number of hardened and nonhardened cells, up to at least 2.2 x 106 cells/ml reaction mixture.
Time-Course Uptake of Leucine and Extent of Accumulation. Uptake of leucine was linear during a 1-h incubation period in both types of cells, and all of the accumulated label was present Characterstics of Leucine Uptake. The pH curves (Fig. 2) Effect of Metabolic Inhibitors. The effects of a number of metabolic inhibitors on leucine uptake in hardened and nonhardened cells were tested (Table I) . Uptake of leucine was substantially diminished by KCN, NaN3, and DNP, while the sulfhydryl reagent NEM2 was also a potent inhibitor of leucine uptake.
Inhibition of Leucine Uptake by Amino Acids. A number of amino acids inhibited leucine uptake by hardened and nonhardened cells. The nature of this inhibition was determined, as shown for alanine in Figure 4 . These amino acids were competitive inhibitors of leucine uptake, and their respective Ki values are listed in Table II . Glycine, alanine, methionine, and norleucine had the greatest affinity for the permease responsible for leucine transport, with Ki values similar to the Km for leucine uptake. A lowered affmity for the active site of the permease was observed for isoleucine, phenylalanine, threonine, proline, glutamate, and lysine. It is evident, however, that the presence of a nonpolar amino acid side chain does not enhance binding to the active site of the permease, since the Ki values for glycine, alanine, and norleucine are similar.
Efflux of Accumulated Leucine. Leucine was accumulated for 40 min at 25°C. The external label was removed by washing the cells, and the latter were resuspended in 0.5 B5. Efflux of the accumulated label was subsequently measured at 25°C and 5°C. (Fig. 5) . Efflux of leucine was minute at SoC for either cell type.
At 25°C, however a relatively rapid biphasic efflux of the label was observed for both types metabolite by the cells (6) . Thus, in isolated plant cells, the faster rate of efflux of leucine was presumably due to efflux from the cytoplasm, and the slower rate represented efflux from the vacuole. Extrapolation of the slow efflux curves to the ordinate gives the amount of label originally present in the vacuoles. The fast rates of efflux in these cells is obtained by subtraction of the slow efflux curves for the first 5 min of incubation from the total efflux curve over this time period. Thirty-two and 40%1o of the leucine which accumulated in 40 min in the hardened and nonhardened cells, respectively, were present in the vacuoles. Leucine (nmol) retained by the cytoplasm at anytime t was computed to be 20.6e 2.742, for hardened cells and 19.1e 2llt for unhardened cells. Leucine retained by the vacuoles was 9.7e"°2St and 13.0e-00362t for hardened and nonhardened cells, respectively. From the range of values shown in Figure 5 , it can be seen that the rates of efflux between hardened and nonhardened cells were not significantly different.
Effect of Temperature on Leucine Uptake. Arrhenius plots for leucine uptake by both hardened and nonhardened cells showed discontinuities at 13°C (Fig. 6) . The Ea for both types of cells were similar and show an increase below 13°C. The discontinuities in the Arrhenius plots below 13°C could be due to an increase in the apparent Km for leucine uptake below 13°C. However, this possibility was discounted, since the Km values for leucine uptake by hardened and nonhardened cells were found to be similar at 25°C (above the transition temperature) and 50C (below the transition temperature). Alternatively, respiration (which energizes the leucine transport system) may become rate-limiting below 13°C. However, the rates of decrease in transport for hardened and nonhardened cells at SoC were found to exceed the rates of decreases for respiration, thus eliminating this possibility. DISCUSSION Leucine was actively transported by isolated cells of hardened and nonhardened winter rye, and the accumulated amino acid was not metabolized during a 1-h accumulation period. After 40 min of incubation, approximately one-third of the accumulated leucine was present in the vacuoles of these cells. Efflux of accumulated leucine at 25°C from the vacuole was 6 to 10 times slower than was efflux from the cytoplasm. At 5°C, efflux of leucine was minute.
Leucine transport was studied in suspension-cultured cells of Nicotiana tabacum (2, 3) . These cells showed multiphasic kinetics for leucine uptake, and three saturable phases and one nonsaturable phase were observed. N. tabacum cells were shown to concentrate the leucine by up to 90-fold above the concentration of leucine in the medium, and little metabolism of the accumulated leucine was observed during the first 8 min of incubation.
It has been shown that no correlation exists between discontinuities in Arrhenius plots of respiration rates and growth temperatures or the degree of hardiness in winter wheat and rye (12) . In contrast, temperatures at which discontinuities occur in Arrhenius plots of rates of glucoside transport in E. coli are dependent on both growth temperatures and degree of unsaturation of the fatty acids in the growth medium (19) . Although winter rye grown at 2°C showed increases in fatty acid unsaturation in their phospholipids (4), these changes are not reflected in the properties of the leucine transport system measured by us. In the present study, the temperature of the observed discontinuities in Arrhenius plots of the rate of leucine transport (a plasma membrane function) did not show any correlation with either the growth temperature or the state of hardiness of Puma rye cells (the LT5o was -7°C and -20°C for nonhardened and hardened rye cells, respectively). The decrease in the rate of leucine transport below 13°C in both types of cells was not due to an increase in the apparent Km for leucine uptake, to a limitation of the rate of respiration (which provides energy for transport), or to an enhanced rate of efflux of the accumulated amino acid.
Ea values for leucine uptake were similar for cold-hardened and nonhardened rye cells. However, it has been pointed out that Ea values can be used as an index of catalytic efficiency only if the entropy of activation is constant (9) . Determination of the latter value requires a knowledge of the number of enzyme molecules present.
Differences have been observed in the properties of soluble enzymes isolated from cold-hardened and nonhardened plants.
Thus, ribulose biphosphate carboxylase-oxygenases, isolated from cold-hardened and nonhardened Puma rye, were shown to be different with respect to their conformation and catalytic efficiencies (7, 8) . Furthermore, Roberts (13, 14) has reported that isoenzyme substitution occurs for invertase during cold hardening in wheat and speculates that this adaptive change may allow for greater catalytic efficiency at low temperatures. In contrast, we have demonstrated a remarkable similarity in the properties of the permease for leucine transport (a plasma membrane bound protein) by cold-hardened and nonhardened rye cells. These transport systems are similar with regard to kinetics of uptake, sensitivity to a sulfhydryl reagent, the temperature of the discontinuities in Arrhenius plots and Ea values, and efflux of accumulated leucine at two different temperatures. Rye cells are known to undergo significant changes in both phospholipid composition and fatty acid unsaturation upon hardening at low temperatures (4). The net effect of these or other as yet unknown changes which enable the plasma membrane to tolerate freezing stress did not result in an observable perturbation of the leucine transport system. This finding does not rule out the possibility, however, that other aspects ofplasma membrane function may be modified as a result of adaptation of rye plants to growth at low temperature.
